Abstract: Anion-substituted poly(vinyl alcohol) (PVA) membranes, carboxymethylated PVA (C-PVA), and sulfonated PVA (S-PVA) were prepared and the effects of these substitutions on the plasma protein adsorption were studied by one-and two-dimensional gel electrophoresis and immunoblotting. When Cuprophane was used as a negative control, the amount of total proteins bound to samples decreased in the order Cuprophane * PVA * C-PVA * S-PVA, which we attribute to the effects of the surface characteristics of the samples, such as their surface tensions and electrostatic properties, on the adsorption of proteins to the surfaces of the materials. The results revealed that albumin was the most abundant protein in all the samples. The proportion of adsorbed fibrinogen to S-PVA exceeded those of PVA and C-PVA, whereas S-PVA exhibited the lowest IgG adsorption affinity among the samples we studied.
Introduction
In the science of biomaterials, adsorption of proteins on the surface of materials is one of major concerns, because the protein deposits exert strong influence on the subsequent cellular interactions with surfaces.
1 Properties of the surfaces of materials, together with those of individual proteins, determine the organization of the adsorbed protein layer, and the nature of this layer, in turn, determines the cellular response to the adsorbed surfaces.
2 Because the cellular responses largely determine the degree of biocompatibility of the material, the properties of proteins and their behavior at interfaces should be understood.
1,2 In hemodialysis, indeed, the interaction between plasma and membrane surface is very important, because exposure of blood to the membrane surface leads to the deposition of a heterogeneous protein film that precedes subsequent adverse effects of hemodialysis, such as activation of cells, coagulation, and complement activation. 3, 4 In previous works, as synthetic analogues of heparin, crosslinked poly(vinyl alcohols), which were prepared by replacing hydroxyl groups of PVA with carboxymethyl and sulfonyl groups, were found to possess significant anticoagulating properties. 5, 6 In addition, the crosslinked PVA copolymers showed mechanical properties and permeability suitable for use as blood-contacting membranes by controlling the cross-linking conditions. 6-8 Nonetheless, changes in the proteins bound to the modified surface should also be elucidated, because this is a fundamental subject that must be understood to fully appreciate the protein behavior as well as subsequent cellular interactions with the surfaces.
The present work describes the effects of substituting hydroxyl groups in PVA with carboxyl and sulfonyl groups on the plasma protein adsorption behavior.
Experimental
Membrane Preparation. The anion-introduced PVAs, C-PVA and S-PVA (25· 2 μM in thickness) were prepared as described in previous works. 5, 7, 8 Briefly, for C-PVA preparation, PVA (MW: 1.46Ý 10 3~8 .5Ý 10 4 , Aldrich Chemical Company, Milwaukee, WI) was dissolved in 6 wt% NaOH aq. solution and then stirred intensely overnight to introduce alkoxide groups into the PVA chain. Monochloroacetic acid was added to the PVA solution with a concentration ranging from 2 to 12 wt%. These solutions were stirred followed by neutralization with NaOH solution, consecutively washing with ethanol and acetone. For S-PVA preparation, different amounts of sulfuric acid were added into the 10 wt% of aqueous PVA solution and stirred violently at 30 ο C for 24 hrs. These solutions were neutralized by Na 2 CO 3 followed by washing with ethanol and acetone, consecutively. Concentrations of sulfuric acid used in this experiment were one to five times greater than those of OH groups in PVA. In the cases of carboxymethylation and sulfonation, salts produced by neutralization were eliminated with a semi-permeable cellulose acetate membrane. The substitution ratio of C-and S-PVA samples were determined by acid-base titration, sulfur analysis, and the elemental analysis (EA 1110, Carlo Erba) as described in our previous studies. C-and S-PVA casting solutions were prepared by dissolving C-and S-PVA powder of 25% substitution efficiency into hot water (90 ο C) with a given concentration of a glutaraldehyde. Then the solutions were cast onto glass plate before gelation, and dried at 60 ο C in a convection oven over 24 hrs. The heat treatment of these membranes was done for 30 min in a N 2 atmosphere at 120 ο C. The sheet type Cuprophane (250-PM, 25 μM in thickness, Enka, Germany) was used as a negative control, because Cuprophane represents the hydrophilic polymers for hemodialyzer production; over 70% of all hemodialyzers are still prepared from cellulosics under the trade name Cuprophane.
Critical Surface Tension. 9,10 The contact angle of liquidsolid interfaces (water, methylene iodide, and the graft) was measured with the use of an Erma contact angle meter G-1. Critical surface tensions of all samples were calculated by the Owens Equation.
11 Degree of Swelling. 12 The completely dried samples of known weight were dipped into the petri dish filled with deionized water whose temperature was maintained at 37 ο C in an incubator for 4 hrs. The degree of swelling, Q w (%), of these samples were calculated with following equation, Q w (%) = [(W 2 -W 1 )/W 1 ]Ý 100, where W 1 and W 2 are the weight of dried and swollen samples, respectively. Zeta Potential. Surface potentials of samples were examined by ζ-potential measurements, which were performed using an ELS-8000 electrophoretic light-scattering spectrophotometer equipped with a plated sample cell (Otsuka Electronics, Tokyo, Japan). Samples were cut squarely in 3 Ý 4 cm size plates. The measurements were carried out at 25 ο C in 10 mM NaCl phosphate buffer solution (pH ~7.2, ionic strength 0.08) with polystyrene latex monitor particle (particle diameter ~520 nm), coated with hydroxypropylcellulose (HPC, M w = 300,000).
Plasma Collection. Whole blood from healthy donors were collected into a 400-mL blood bag (Green Cross Co. Ltd., Korea) containing 56 mL of Citrate Phosphate Dextrose Adenine anticoagulant solution (CPDA-1), and centrifuged for 30 min at 3,000 g. The plasma was pooled and stored at -70 ο C. Incubation. Membrane samples were cut into strips of 1 Ý 4 cm, and washed with phosphate buffered saline (PBS, pH 7.4) three times for 15 min. The washed membrane strips were cut into pieces of 1Ý 0.5 cm and incubated with 750 μL of plasma in an Eppendorf tube for 15, 30, 90, and 240 min at room temperature with continuous shaking.
Elution of Plasma Protein. The incubated membrane samples were washed three times with PBS (pH 7.4), and transferred to Eppendorf tubes containing 2% (w/v) sodium dodecyl sulfate (SDS) and 14.4 mM β-mercaptoethanol solution at 90 ο C for 10 min. 13 The tubes were vortexed for 10 min and sonicated at 28 KHz using an ultrasonic generator (Ulsso Hi-Tech Ltd., Seoul, Korea) for 5 min. The efficiency of the desorption treatment was checked by staining the samples with coomassie brilliant blue (CBB) following usual procedures.
14 The eluent was transferred to a 15 mL tube, and SDS dissolved in the eluent was removed by precipitation of the eluted proteins with methanol-chloroform-water (4:1:3) for protein analyses. 15 The precipitates were air-dried, frozen, and stored at -70 ο C.
SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE).
The precipitates were dissolved in a loading buffer containing 60 mM Tris-HCl, pH 6.8, 25% glycerol, 2% SDS, 14.4 mM, and 0.1% bromophenol blue. In order to denature the proteins, the solutions were re-mixed with 5Ý loading buffer and boiled at 95 ο C for 7 min. They were then subjected to discontinuous SDS-PAGE on Criterion TM Precast Tris-HCl 4~20% gel (Bio-Rad Laboratories, Hercules, CA) with a constant power of 200 V-h for 55 min. SDS-PAGE gels were stained with CBB, and the bands were quantified using a Bioimage scanner (Milipore).
Western Blotting. The precipitates were quantified using reducing agent compatible and detergent compatible (RC DC) reagent (Bio-Rad Laboratories, Hercules, CA). Approximately 10 μg of precipitates of each membrane samples and 5 μL of loading buffer were loaded onto 12% SDS-polyacrylamide gel according to the method of Laemmli 16 using Bio-Rad apparatus (Bio-Rad Laboratories, Hercules, CA) with a constant power of 120 V-h for 90 min. The electrophoresised proteins were transferred onto nitrocellulose membranes, which were then cut out and incubated with appropriate rabbit or mouse antiserum against the following proteins: C3 (Dako); albumin, apolipoprotein E (Apo E),
